A kinetic method to measure the intracellular concentration of respiratory substrates in short-term starvation-enrichment experiments is proposed. Samples of bacterial suspension from steady-state chemostat cultures were subjected to 25 min starvation, followed by pulse addition of [14C]glucose. Residual substrate utilization rates and respiration rates (uptake of dissolved 0 , ) before and afier amendment were recorded. Increases in pool sizes (AL) during transients were calculated on the basis of C balance. The dependence of respiration rate q,, on AL was found to obey modified Michaelis-Menten
INTRODUCTION
Numerous kinetic studies have been devoted to the effects of substrate concentration on the rate of microbial growth and metabolism (Pirt, 1975) . The most commonly employed relationship between specific growth rate (p) and substrate concentration (s) is probably the equation of Monod (1942) : where ,urn is the maximal value of p and K , is the saturation constant, interpreted as a measure of biomass affinity to substrate. Both parameters are usually assumed to be constant with respect to a particular microbial species and a particular substrate.
However, it is now clear that the behaviour of microbial populations depends not only on the instantaneous environmental conditions (including substrate concentration in the medium), but also on the past history of the culture and its physiological state. This is to say, cell composition, concentrations of activators and inhibitors, the range of metabolic activities, etc., vary in response to present and past environmental conditions, and these will affect factors such as growth rate. Hence there is no unique set of values for pm and K , for a particular microbial species, since potential growth rate and substrate affinity are not constant. Therefore, there is no unique elementary mathematical expression describing the dependence of growth rate on substrate concentration. A number of so-called structured models have been developed which consider ,u to depend on internal cellular variables C,, C,, . . . ,C, such that where C1,C2, ..., Cn are cell components such as enzymes, proteins, ribosomes, reserve compounds and metabolic intermediates. These structured models can simulate the complex behaviour of microbial populations (Powell, 1967; Fredrickson, 1976; Domach et al., 1984; Jeong et al., 1990; Panikov, 1991) , but they are often complex and the variables they employ often cannot be identified or measured experimentally. Recently, we proposed and tested (Panikov, 1991 (Panikov, ,1995 Dorofeyev & Panikov, 1992 ) a relatively simple structured model, the ' synthetic chemostat model ' (SCM), which includes versions of several chemostat models (Monod, 1950 ; Herbert, 1958 ; Powell, 1967 Powell, , 1969 Ierusalimsky, 1967; Nyholm, 1976; Guthke & Knorre, 1980) as elements. In the SCM, cell growth is represented by the scheme shown in Fig. 1 . This model describes the conversion of an exosubstrate S (exemplified by a source of carbon and energy) into polymeric cell components X' via low-molecular-mass metabolites, L. Intracellular fluxes qL and qresp are assumed to be functions of L concentration. L metabolites are biochemically welldefined and include amino acids, nucleotides and carboxylic acids. However, it has so far not been possible to estimate the integrated concentration of the metabolites in viuo and relate them quantitatively to the rates of metabolic reactions.
The objective of the present study was to test several direct and indirect approaches to quantify the effects of intracellular substrate concentration on the rates of microbial growth and respiration. Chemostat dilution rate (h-l)
The sources and sinks of variables are described by the following set of differential equations :
(5)
Here we use identical units for all variables (mg C 1-') and for the sake of simplicity assume that the rate of gas replacement in the fermenter headspace (eqn 6 ) is equal to the dilution rate, D , of the culture. Then the conservation condition is simple :
ds dl dx' dp ds dx dp Integration of eqn (14) and substitution for a from eqn (13) gives the algebraic equation:
concentration_ in excess of the quasi-steady-state starvation value L , As(t) is substrate consumed, A p ( t ) is the total amount of CO, produced during the transient, and Ap'(t) is the CO, produced from endogenous respiration.
The values of As( t ) , A p (t) and Ap'( t ) could be determined directly from starvation-enrichment experiments by recording, respectively, added substrate consumption and CO, evolution before and after substrate addition. However, as a measure of fast respiration kinetics, uptake of dissolved 0, is technically easier to determine than CO, evolution, because of the shorter response time of 0, electrodes and the absence of complications connected with carbonate formation in liquid. (15) and (16) that:
Combining eqns (15)- ( 17) results in the final expression for AL Fig. 2 illustrates the experimental procedure and shows how AL values were found from measured 0, and substrate uptake in starvation-enrichment experiments.
The procedure termed the dynamic-balance method was compared with traditional chemical determination of pool sizes.
METHODS
Organisms and growth medium. Pseudomonas fluorescens VCM-1472 (obtained from the All-Russian Microbial Culture Collection, Moscow) was grown on synthetic medium with glucose as a limiting substrate. The medium contained (in g 1-' ) : KH,PO,, 6.7; K,HPO, .3H,O, 4.0; (NH,),HPO,, Chemostat cultures were maintained at 25 "C and a dilution rate of 0.08 h-l (,urn = 0.5 h-l) in a simple continuous-flow apparatus similar to that described by Pirt & Pirt (1977) except that illumination was omitted. The pH of the culture remained in the range 6.0-6.4 without instrumental control. Steady states were considered to be achieved when OD,,, was constant after replacement of 5 culture volumes. Respiration rates were estimated from the increase in CO, concentration in outflowing air as compared with the inflowing air stream ( p -p , ) : qrespx = ( p -p , ) F . The air flow rate through the fermenter, F , was measured by a rotameter, and CO, was analysed by GC (see below). To calculate respiration rates with respect to 0, uptake, we used a value of RQ = 1.12 (Panikov, 1991) .
Determination off and A f by the dynamic-balance method in starvation-enrichment experiments. Liquid samples from steady-state chemostat cultures were transferred to a 1 cm3 temperature-controlled cell for measurement of dissolved oxygen uptake using a Clark-type electrode. During the first 20 min after sampling, endogenous respiration rate was recorded; then 10 pl glucose solution was added to give a final concentration of 5 mg 1-1 (2 mg C 1-'). Measurement was continued until the respiration rate approached the former endogenous level (usually after 15-30 min). T o follow the dynamics of substrate consumption, similar short-term experiments were run, with three modifications : [U-14C]glucose was employed (specific radioactivity 0.28 Ci mmol-l, 10.36 GBq mmol-'), the volume of sample taken from the chemostat was increased to 10 cm3, and incubation was carried out in a 20 cm3 temperature-controlled, stoppered glass vessel with a magnetic stirrer. At timed intervals after [14C]glucose addition, 0.1 cm3 samples were analysed for residual substrate (glucose) and extracellular metabolites by measuring radioactivity in the filtrate after filtration through 0.2 pm Synpor filters.
To study the effect of cell density, we used bacterial suspensions from the same chemostat culture diluted 2-10-fold.
Determination of pool size by the 14C isotope technique. We used two types of biomass labelling: (i) uniform and (ii) with predominant labelling of ' mobile' cell components.
Uniform labelling was achieved in chemostat culture with [U-14C]glucose in the medium feed: the s, value was 1.0 g 1-1 and total radioactivity 165 Bq ern-,. Other conditions were similar to those described above. Pool sizes were determined in steady-state chemostat cultures and during starvation 8 h after stopping the substate flow. Concurrently, respiration activity was measured with a Clark electrode.
The intracellular content of low-molecular-mass substances (the L pool or 'TCA pool') was determined in cold trichloracetic acid (TCA) extracts. Culture samples (2 cm3) were filtered through membrane filters (Synpor, 0.2 pm) ; precipitates were washed twice using the mineral base of the nutrient medium and then extracted for 10 min with 2 cm3
10 YO cold TCA at 1 "C with constant agitation. Radioactivity was measured in 0.1 cm3 of the filtrates using the washing solution as a blank and a mixture of 10% TCA with [14C]glucose as a standard. The sampling time from the start of cell transfer to the addition of TCA was 1.5-2-0 min.
T o achieve predominant labelling of 'mobile' -cell com- run, the bacterial biomass and total CO, content were determined. Analytical techniques. The radioactivity in solutions was measured in 01 cm3 samples plus 2.5 cm3 GC-8 scintillation cocktail in an Ultrabeta scintillation counter (LKB Vallac).
The content of 14C in the bacterial biomass was estimated from the difference between the total radioactivity of the suspension and the filtrate. 14C0, was determined in 2 cm3 gas samples which were injected into stoppered flasks containing 2.5 cm3 absorbing liquid (a-phenylethylamine/ethanol/GC-l06 scintillation cocktail, = 1 : 1 : 3, by vol.). Radioactivity was measured after 30min incubation. The amount of CO, absorbed was determined by gas chromatography (GC).
Total CO, was determined by GC using an instrument with a thermoconductivity detector. At the end of each experiment, the culture fluid was acidified with HC1 to pH 2.5 in order to release carbonates. Typically, the HCO, content did not exceed 1-5% of the total CO,. When calculating dynamic data, appropriate correction was made for gas and liquid withdrawal during sampling. The biomass was estimated turbidimetrically at 410 nm and by dichromate oxidation of the bacterial cells, calibration being made by plotting the chromium reduced versus the C content of the cells obtained with a Carlo Erba CHN analyser (Panikov et al., 1989) . Amino acid content was determined in TCA extracts with an automated analyser. Calculations. These were made with an IBM PC. The parameters of the algebraic equations were determined by multiple linear regression with routines available in Lotus-123 or by non-linear regression (POISK-4) written in PASCAL-6 (Krutko et af., 1988) .
RESULTS AND DISCUSSION
We start with an examination of the dynamic data, major attention being paid to verification of assumptions made in the Introduction.
Dynamics of endogenous respiration
The terms qiesp and Ao' are present in many of the equations derived, so they are of considerable importance. Endogenous respiration is defined as that which results from decomposition and oxidation of cell constituents. It could be estimated directly under starvation conditions, when s x 0. In the present work starvation was induced by arresting substrate feed to chemostat cultures or, equivalently, by transfer of a culture sample from the chemostat to an incubation flask. The dynamics Pseudomonas fluorescens : respiration and pool size of respiration are shown in Fig. 3 for the initial stages of starvation (0-20 min) and in Fig. 4 for longer periods of starvation (0-8 h). In both cases, respiration rates, qresp, decreased during the first 5-7 min from steady-state chemostat rates of about 6 mmol0, h-l (g biomass C)-' to a constant rate of about 1 mmolo, h-l (g biomass C)-'. This constant rate was taken to be the endogenous respiration rate, qiesp.
Thus, the following assumptions made in the derivations of eqns (12) and (13) were upheld: (i) under starvation conditions, steady state with respect to L is quickly established, and (ii) endogenous respiration obeys zeroorder kinetics (i.e. qiesp is constant). The transition to starvation (quasi-) steady-state was completed in 5-10 min. Hence, to obtain a reliable estimate of qiesp, we chose measurements obtained in the time interval from 15 to 25 min after the onset of starvation.
Dynamics of respiration and substrate consumption in starvation-enrichment experiments
Typical experimental results are shown in Fig. 3 . Arresting the medium supply resulted in starvation, which has been discussed already. Substrate addition immediately initiated a new burst of bacterial activity. The ['4C]glucose consumption rate was maximal at the very beginning of enrichment ; the concentration of label in the culture filtrate decreased rapidly for 1-2 min and then stabilized at 2-5-5% of s(0). This residual 14C radioactivity was probably due to recalcitrant extracellular metabolites. Respiration increased from the background endogenous level, qiesp, to 8-25 mmol0, h-l (g biomass C)-' depending on cell density (see below). Respiration was not strongly correlated with substrate uptake; rather, the two processes developed in succession. Maximal rates of respiration lagged behind maximal rates of glucose consumption by approximately 1 min. This time delay gave rise to a transient increase in internal substrate concentration.
At the concentration of substrate amendment utilized (2 mg C 1-' ) no significant changes in biomass ( x = 344 mg C 1-l) were observed during the course of the experiments. Neither the decrease during starvation nor the increase after glucose addition exceeded 0 . 2 4 3 ' YO.
This is well below the sensitivity of the measuring methods employed. Hence, the assumptions made in deriving eqn (14) (dx/dt M 0, ,uL M 0) can be considered to be appropriate.
The values of the stoichiometric parameter @ varied in different individual trials between 2.07 and 2.23 g C (g C)-'. The mean standard error for @ was 2-13 +0.05 g C (g C)-'. The reliability of this estimate was confirmed by steady-state chemostat data obtained for the related parameter Y, p, which had a mean value of 2.1 g glucose-C consumed (g CO,-C)-l. The relationship between @ and ySiP is as follows:
and since a(1-L) Q qresp, then @ x ySIp: Thus, the stoichiometry of P. fluorescens growth was similar under steady-state chemostat conditions and in the short-term starvation-enrichment experiments.
Dependence of respiration rate on cell density
Bacterial suspensions from chemostat cultures were diluted with culture filtrate to give a series of cell densities from 34 to 344 mg biomass C 1-l. The physiological state of the cells in these preparations was identical and the initial glucose concentration in the medium was s(0) = 2 mg C 1-l. The total amount of oxygen consumed, Ao', did not depend on cell density and was almost constant: 63.3-68.3 mmol l-'. This range corresponded to oxidation of 38-41% of the added glucose. In contrast, the specific respiration rate qresp showed an inverse relationship with cell density : diluted suspensions had higher respiration activity. The observed relationship between qresp and x has a straightforward explanation in that an equivalent amount of exosubstrate, 2 mg C l-l, was consumed by different amounts of biomass. Thus the more biomass present, the less intracellular substrates, L, per cell. The approximate lower limit of L may be calculated as follows. 
Determination of AL and L by the dynamic-balance method
The data on 0, and glucose consumption were used to calculate the increase in intracellular pool sizes AL, according to eqn (18). AL dynamics were described by a curve with one maximum and were closely related to respiration activity (compare curves 3 and 4 in Fig. 3) .
T o study further the relationship between respiration rate and pool size, we used data from five independent starvation-enrichment experiments employing different cell densities. In Fig. 5 these data are plotted as specific rates of 0, uptake, qresp, against corresponding AL values. The functional relationship qresp = f(AL) was hyperbolic. However, the Michaelis-Menten-type hyperbola was shifted to the left along the AL axes from 0 to -L. Formally, the relationship can be expressed by the following modification of the Michaelis-Menten equation :
where Qresp is the maxima! respiration rate, K , is the saturation constant and L is the internal substrate concentration just before glucose addition in starvationenrichment experiment?. With bacteria of identical physiological state, the L values should be similar for all points plotted in Fig. 5 . Hence, L may be treated as a where n is a measure of cooperativity (positive at n > 1, and negative at n < 1). However, non-linear regression gave a value of n = 1.08, which does not differ significantly from unity. Moreover, the use of more complicated forms of eqn (21) did not improve the goodness of fit ; the sum of square residuals was 97.97 for eqn (20) and 97-77 for eqn (21). Thus eqn (20) is preferred as it is simpler. known. The dynamics of the L-pool calculated from respiration rates according to eqn (22) are plotted in Fig.   3 as curve 5. Under steady-state chemostat conditions at
The highest observed value was 35 mg C (g biomass C)-'. Thus, our last assumption made in the theoretical introduction, (1 -L) w 1, could ,be considered as reasonable, because the term (1 -L) never decreased below 0.96.
Comparison of kinetic and direct chemical methods of L determination
Direct determinations of 14C content in cold TCA extracts (TCA pool) were made in two experiments: (i) with uniformly labelled cells (Fig. 4) , and (ii) with only mobile cell components labelled (Fig. 6) .
In the first experiment, we compared the TCA pool with determinations made by the dynamic-balance method during transition from steady-state growth to starvation. Steady-state TCA pool concentrations were established at 23-2 mg C (g biomass C)-l. The amino acid content of the TCA pool accounted for 3 1 mg C (g biomass C)-', close to the results obtained by Tempest et al. (1970) using chemostat cultures of other Gram-negative bacteria. After the substrate feed was switched off, the TCA pool rapidly decreased to 21 mg C (g biomass C)-l and then remained almost constant. Detectable decreases in pool sizes were observed only after long periods of starvation. Hence, the TCA pool consists of variable and stable fractions, the former being no more than 10% of the total TCA pool.
L determinations by the dynamic-balance method showed dynamics similar to those of the variable fraction of the TCA pool. Immediately after starvation, the L value fell from the chemostat steady-state value of 3.2 mg C (g biomass C)-l to the starvation background level of 0.445 mg C (g biomass C)-'. From these data we may draw the conclusion that cold TCA extracts not only the respiratory cell substrates but also some relatively inert cell components. We did not attempt to analyse these, but they may originate from hydrolysed polymeric cell components.
In the second experiment we followed the dynamics of the TCA pool and other components of the cell carbon budget after addition of a rather large pulse of [14C]glucose to starving bacteria (Fig. 6) . In this case it was expected that the 14C label would replace the entire pool of low-molecular-mass intermediates and only part of the total cell carbon located, say, in proteins, nucleic acids and cell wall components with a short turnover time. The dynamics of [14C]glucose consumption, 14C02 evolution and respiration were similar to those observed after a small pulse of glucose (compare Fig. 6 and Fig. 3 ).
The differences were only quantitative; the duration of substrate-induced respiration increased from 5 min to 2 h, and amount of biomass increased by about 10 ' / o .
The uptake of [14C]glucose led to formation of a TCA pool of 11 mg C (g biomass Cj-' which then decreased to the constant starvation level of 7 m g C (g biomass C)-'. Again formation of variable and invariable (stable) TCA pool fractions was observed. However, with this type of labelling the variable fraction accounted for as much as 36 % of the total labelled TCA pool as compared with 10% in the first experiment. Again, L concentrations determined by the dynamicbalance method correlated well with the size of the variable TCA pool; both values accounted for 4 mg C (g biomass C)-l at maximal respiration activity. The simplest explanation of the TCA-pool dynamics observed in both experiments is that the stable fraction is an artifact resulting from treatment of the cells with cold TCA. The source of the stable fraction may be acidsensitive polymeric substances, which are normally part of structural cell components. This explanation may be formalized in terms of the growth scheme (see Fig. 1 where L is the actual pool of low-molecular-mass intermediates, X ' represents polymeric cell components, and K X ' is the fraction of acid-sensitive macromolecules.
The terms Al and i l , denote 14C isotopic enrichment (relative to standard) of cell pool and polymeric cell components, respectively. We may put A, = 1 for both experiments, neglecting very small isotope fractionation effects in respect of 14C. For the first experiment with uniform biomass labelling, the coefficient A2 is also equal to unity, while A2 may be roughly estimated from the proportion A, = 14C uptake/total biomass C z 0.1. The best fit to experimental data (Figs 3 and 6 ) Using the starvation-enrichment technique, we found that the relationship between pool size and respiration obeyed simple Michaelis-Menten kinetics. This implies that the Michaelis constant (K,) for numerous individual metabolic reactions must be of similar order of magnitude, close to the mean value we obtained [12 mg C (g biomass C)-']. Assuming that the cellular water content is 90% and that typical intracellular substrates have an average of six carbon atoms, then the K, is about 8.3 mM, close to the mean value reported for pure enzymes (Varfolomeyev, 1987) .
The technique has some limitations. It cannot be applied to carbon-and energy-sufficient cultures because they do not respond to short-term starvation or substrate enrichment. However, it should be of particular value for studying substrate-limited growth and for identifying parameters and variables associated with structured models.
